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A
bstract

Tokam
ak

fusion
devices,w

hich
for3

decades
w

ere
leaders

in
the

W
orld

fusion
program

and
w

hich
m

ade

a
leap

from
1

keV
plasm

a
tem

perature
in

R
ussian

T-3
m

achine
(1968)

to
40

keV
and

10.7
M

W
of

D
T

fusion
pow

er
in

T
F

T
R

atP
P

P
L

(1994),are
now

in
an

eventualstate
ofdefeatand

possible
shutdow

n
in

the
U

S
.D

espite
m

uch
betterunderstanding

ofthe
tokam

ak
plasm

a
now

,m
any

fundam
entalproblem

s
on

the
w

ay
to

the
tokam

ak-reactorrem
ain

unresolved
even

atthe
conceptuallevel.

T
hese

problem
s

include

stability
and

steady
state

plasm
a

regim
e

control,pow
erextraction

from
both

the
plasm

a
and

the
neutron

zone,
activation

and
structural

integrity
of

the
m

achine
under

14
M

eV
fusion

neutron
bom

bardm
ent,

m
aintenance

offuture
reactors,etc.

T
his

presentation
describes

the
physics

ofa
recently

(D
ec.,1998)

invented
m

ethod
ofm

agnetic
propul-

sion
for

driving
liquid

m
etalstream

s
in

the
tokam

ak
m

agnetic
field.

T
his

effect
in

com
bination

w
ith

the

idea
ofrenew

able
and

absorbing
w

alls
atthe

plasm
a

boundary
(w

hich
previously

w
as

only
a

theoretical

abstraction)leads
to

breaking
w

ith
the

conventionalapproach
to

the
tokam

ak
fusion

reactor.
T

he
result-

ing
new

ideas,w
hich

in
m

any
aspects

rely
on

the
bestU

S
tokam

ak
experim

ents
on

T
F

T
R

(P
P

P
L)

and

D
III-D

(G
A

,S
an

D
iego)

and
basic

theory,raise
the

hope
on

a
new

research
path

for
tokam

aks
tow

ard
a

practicalfusion
reactor.
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O
U

T
LIN

E

1.M
agnetic

propulsion
ofliquid

lithium
.

2.Lithium
W

alls
and

tokam
ak

plasm
a.

(a)
LiW

alls
and

energy
extraction

from
the

plasm
a;

(b)
LiW

alls
and

plasm
a

stability;

(c)
LiW

alls
and

plasm
a

energy
confinem

ent;

3.YachtS
ailapproach

for
tokam

ak
fusion

reactors.

4.S
um

m
ary.

5.D
oes

tokam
ak

fusion
have

a
path

?
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1
M

agnetic
propulsion

ofliquid
lithium

G
oto

C
bpu

code.
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1
M

agnetic
propulsion

ofliquid
lithium

(cont.)

T
here

3
m

agnetic
R

eynolds
num

bers
w

hich
controllithium

M
H

D
in

toka-
m

aks

dynam
ics #

$%'&
( %*) +,-

electro-dynam
ics#

$� &
( %.)/,-

dynam
ics #

$0 &
( %.) / 0+ ,-

( % )
12 34 56
78 0:9;=<

>@?<?A

V

B
tor

B
perp

L

w

h
Lithium

 flow
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1
M

agnetic
propulsion

ofliquid
lithium

(cont.)

C
haracteristic

flow
param

eters:

,
BCD 8E 56
7F
G , 0C
1?
HJIK8L -

M
B?N
F
M 0C( % B2H IK8L -

M
BO NF
M 0C( % B?DDHJIK8L <

>@?<CA

D
ynam

ic
pressure

losses
are

determ
ined

by$%

and$0

$% #
PG , 0C
B( % ) +, M 0QC( % -

$0 #
PG , 0C
B( % ) / 0+ , P M 0RC( % -

( %S)
12 34 56
78 0:9;=<

>@?<TA

M
agnetic

fields
from

the
currents

in
the

stream
are

determ
ined

by$�

$� #
MUUWVXY
ZMUUW[\
B( % )/, MQ <

>@?<2A
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1
M

agnetic
propulsion

ofliquid
lithium

(cont.)

Lithium
“w

ater-falls”
w

ill
not

flow
through

the
tokam

ak
strong

toroidal
field/ BD <?8-

+� 1D <C8-
+0 1T 8-
,
] C ZOH 8E 56
7L -

$% B2+� , B] ?<^-

$0 B2 / 0+0 , B2 /+0 > /,A 1D <D ? ZD <D CO <

>@?<OA

R
Z

r

P
lasm

a

e2
R

R
e2

e2

eo
R

R
e2

V
V

V
 ?

force
C

entrifugal

G , 0C
_
$0 P M 0YV`C( %
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1
M

agnetic
propulsion

ofliquid
lithium

(cont.)

M
om

entum
driven

thin
w

alls
have

m
any

ofunresolved
problem

s
in

lithium
M

H
D/ BD <D ?8-

+� 1D <D C8-
+0 1T 8-
,
1CDH 8E 56
7L -

$0 B2 / 0+0 ,
1?<Tba?Ddce<

>@?<^A

r

P
lasm

a

eo
R

V
V

V

V
?

Z

C
entrifugal

force

$% B?<^-
G , 0C
f $% M 0g VhC( %

Leonid
E

.Z
akharov,P

P
P

L
T

heory
sem

inar,P
U

,Jan.18,2001,P
rinceton

N
J

PRINCETO
N PLASM

A
PHYSICS LABO

RATO
RY

PPPL
9



1
M

agnetic
propulsion

ofliquid
lithium

(cont.)

M
agnetic

propulsion
opens

the
possibility

forintense
plasm

a
facing

lithium
stream

s
in

tokam
aks

ijlkm
n [\hoY
Zijlkm

n VXYhoY
p
$0 M 0YV`C( % -
$0 &
( %S) / 0q ,
1D <DD ?O

B
tor

F
irst w

all
Li stream

V
stream

Jpol

Jpol

J x B
F

orce
F

orce
J x B

J x B
F

orce

V
stream

Li stream

Li stream

axis of symmetry

Toroidal  Field Coil

Lithium
 jets betw

een T
F

 C
oils

Li inlet
pool

P
ressurized

H
e atm

osphere

VV

V
Li jets

Li jets

T
F

C
I

B
tor

D
2

P
lasm

a

r

D
riving

electro-
m

agnetic
pressure

ijlkm
n VXYhoY
] ?IK8

ijlkm
n [\hoY
Zijlkm

n VXYhoY
1?<O ZTHJIK8L

r
F

low
param

eters

,
1CD 8E 56
7-
/ 1D <D ?8

r
M

agnetic
R

eynolds
num

bers
$� &
( %S)/,
1D <s-
$0 1D <DD ?O

r

S
tream

are
robustly

stable
due

to
centrifugalforce

Gut , 0vC
]

ICq i wxhhSy`
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2
Lithium

W
alls

and
tokam

ak
plasm

a

P
lasm

a
facing

surface
is

right
at

the
criticalplace

in
the

fu-
sion

reactor
betw

een
the

plasm
a

and
the

neutron
absorbing

zone

T
hree

things
are

the
m

ostim
portant:

1.pow
er

and
particle

extraction;
2.effecton

core
confinem

ent

y
z{ aN
z{ a
|} ] O ~
?D 0�8 c�a
�6, a5- y
z{ aN
z{ a
|}��
| 0}

3.effecton
plasm

a
stability.

���6
�� X�[V\ �
> yz{ aN
z{
A 0�
� 0-
� &

C( %� Cy N
�

M 0
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3
LiW

alls
and

energy
extraction

from
the

plasm
a

Intense
lithium

stream
s

have
reactor

relevantpow
er

extrac-
tion

capabilitiesPN
�x� B� wxhh ������� 2KY`x\�[Y

��
G 7g -

���[\ & ������� �KY`x\�[Y
G 7g

q B^ 8-
I B?<^ 8-
� wxhh 1T <O��

�8 0 -
�wxhh B2� 0q I� wxhh 1?<T��

even
w

ith
no

reliance
on

the
vortices

in
the

stream
s.

Intense
lithium

stream
s

can
keep

w
alltem

perature
low

(250-300 V

C
)

at
the

neutron
w

allloading] ?D �
�E 8 0.
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4
LiW

alls
and

plasm
a

stability

Intense
lithium

stream
s

m
ay

create
the

bestsituation
for

the
plasm

a
stability

control

���6
�� X�[V\ �
> yz{ aN
z{
A 0

G
oto

C
bpu

code.
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4
LiW

alls
and

plasm
a

stability
(cont.)

Liw
alls

allow
m

uch
higher

operationalplasm
a

pressures.

β %
-lim

its for Li W
all fixed boundary plasm

a

0
.2

.4
.6

.8
1

1.2
0 10 20 30

UNSTABLE

STABLE R
/a=

2.5/1 B
=

5 T

T
F

T
R

 circular cross-section

κ
=

1.6, 
δ

=
0.3

κ
=

1.6, 
δ

=
0.3

0

0

0

=
2.45

q

q
=

1.45

q
=

1.45

F
IR

E
,

IT
E

R
C

IT
B

P
X

,
T

P
X

,
A

R
IE

S
,

...........

LiW
alls

ja__j0

Non-recycling regime

�

-
lim

its
for

the
second

stability
regim

e

r

fixed
boundary

plasm
a

r

n=
1,2,3

+
ballooning

m
odes

(D
C

O
N

,P
E

S
T-2,B

A
LLO

N
)

r

current
density

w
ith

an
edge

pedestal

�R B� x
�> � % Z� xA ���� ? Z � 0I 0  ¡¡¢
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5
LiW

alls
and

plasm
a

energy
confinem

ent

Liis
an

excellentgetter
for

the
hydrogen

plasm
a

particles.

P
lasm

a

E
nergy flux:

convection

External Particle source

External heating

Li covered w
alls

source
E

nergy

W
all

residual w
all particle source

P
article outflux

w
all Li source

source
E

nergy External heating

P
lasm

a

w
alls

C
onventional

E
N

E
R

G
Y

 F
LU

X
 :

convection

T
E

R
M

O
-C

O
N

D
U

C
T

IO
N

P
article outflux

W
all particle source +

 gas puff

im
purities (Z

 >
 Z

 of Li)

Lithium
can

be
propelled

along
the

w
alls

for
pow

er
and

particle
extraction.
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5
LiW

alls
and

plasm
a

energy
confinem

ent(cont.)

Im
proved

energy
confinem

entis
extrem

ely
for

igniting
the

plasm
a

y
z{ aN
z{ a
|} ] O ~
?D 0�8 c�a
�6, a5- y
z{ aN
z{ a
|}��
| 0}

P
lasm

a
profiles

are
determ

ined
by

the
particle

continuity
equation

£ &
¤ y
¥ B7�y5K
B> £A x

and
by

the
energy

balance

OC £N
Z¤> �{§¦ N
� �\ ¦ y
A B¨ `% �} �¥

W
ith

perfectly
absorbing

w
alls

plasm
a

does
not

know
the

tem
perature

ofthe
(cold)

w
alls

and
leaves

no
room

for
therm

o-conduction

��� OC £N  ¡¢o©
ª o B¨ x% �} �¥- No©
ª o B¬« x% �} �¥
0 £

�} Z
heatsource.



T
hus,

the
m

ajor
energy

loss
channel,

i.e.,
therm

o-
conduction,

can
be

elim
inated

w
ith

this
absorbing

w
all

boundary
condition

(S
.

K
rasheninnikov,

P
F

S
C

at
M

IT,
now

atU
C

S
D

).
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5
LiW

alls
and

plasm
a

energy
confinem

ent(cont.)

In
non-recycling

regim
e OC £N

Z¤> �{ ¦ N
� �\ ¦ y
A B¨ `% ��¥

S
n, ne [A

rbitrary U
nits]

X
   -1

  -.5
    0

   .5
    0

    1

    2

    3

    4

    5

D
ensity

profile

P
article source

profile

Li plasma facing wall

Li plasma facing wall

S
E

, T
 [A

rbitrary U
nits]

X
   -1

  -.5
    0

   .5
    0

    1

    2

    3

    4

    5

T
em

perature profiles

H
eating source profile

  kn

=
 0

n
  k

 >
 0

p [A
rbitrary U

nits]

X
   -1

  -.5
    0

   .5
    0

    1

    2

    3

    4

    5

P
ressure

profiles

P
ressure profile has a pedestal

S
E

, T
 [A

rbitrary U
nits]

X
   -1

  -.5
    0

   .5
    0

   .2

   .4

   .6

   .8

    1

k  =
 0

nn
k   >

 0

T
em

perature profiles

H
eating source profile

D
E

N
S

IT
Y

profile
(left)

is
predeterm

ined
by

the
centralfueling.

T
E

M
P

E
R

AT
U

R
E

profile
(right)

adjusts
itself

in
order

to
E

LIM
IN

AT
E

the
therm

o-conduction.

P
R

E
S

S
U

R
E

profile
(left)

has
a

jum
p

at
the

plasm
a

boundary.

T
E

M
P

E
R

AT
U

R
E

profile
(right)

elim
inates

the
therm

o-conduction
irrespective

to
the

heat
source

profile.
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5
LiW

alls
and

plasm
a

energy
confinem

ent(cont.)

C
rucialissues:

®

P
roperties

oflithium
.

F
or

solid
Lithey

are
very

attractive,e.g.,1
keV

D
-ion

penetrates
hundreds

ofm
onlayers

oflithium
(D

.R
uzic,U

L).

®

S
heetpotentialnear

the
w

alls.
Is

determ
ined

by
the

electron
energy,

¯ °
± ²³´ µ [ .

E
lectrons

in
tokam

aks
are

capable
ofgiving

unpleasantsurprises.

®

...

P
lasm

a

E
lectron and ion edge

com
parable

tem
peratures are

S
heet layer

W
all

G
ood absorpsion

by the w
all

P
lasm

a

W
all

S
heet layer

Low
 electron edge

tem
perature

F
ull reflection

as a neutral
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5
LiW

alls
and

plasm
a

energy
confinem

ent(cont.)

T
F

T
R

discovered
and

dem
onstrated

thatLithium
conditioning

w
as

the
m

ostim
portantfactor

in
its

perform
ance

  

3
.0

 
3

.5
 

4
.0

 
0

 

2
 

4
 

6
 

8
 

T
im

e (s) 

L-m
o

d
e

 
S

u
pe

rsh
ot 

L
ith

ium
-a

ide
d

su
p

e
rsh

o
t 

n
e

 t
E

 T
i
  (10 20m-3 sec keV) 

* 

N
eutral B

eam
 Injection 

1
0

 

tim
e =

 T
B

I +
 500 m

s

0 1 2
3 # Li pellets

dre02069803c

0 1 2 3 # Li pelletsT
oroidal IT

G
 M

odes w
ith 

S
elf-C

onsistent N
eoclassical

R
adial E

lectric F
ield

2.7
2.8

2.9
3.0

3.1
3.2

3.3
M

ajor R
adius (m

)

keV

0 10 20 30 40 50

keV

0 10 20 30 40

50

T
i

T
i

M
E

A
S

U
R

E
D

S
IM

U
L

A
T

E
D

(T
F

T
R

#
83546

D
.M

ansfield,C
.S

kinner)

T
he

increase
in

perform
ance

w
ith

increase
in

am
ount

of
lithium

at
the

plasm
a

edge
has

never
been

saturated.
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5
LiW

alls
and

plasm
a

energy
confinem

ent(cont.)

LiW
alls

concept
deffers

in
details

from
T

F
T

R
results

but
is

consisitent
in

basic
tendencies

to
flatthe

tem
perature

in
the

core
by

reducing
recy-

cling
atthe

edge

tim
e =

 T
B

I +
 500 m

s

0 1 2
3 # Li pellets

dre02069803c
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oroidal IT

G
 M

odes w
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S
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eoclassical

R
adial E

lectric F
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M

ajor R
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)
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U
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n
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(m

easured)

T
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D
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5
LiW

alls
and

plasm
a

energy
confinem

ent(cont.)

G
oto

K
.B

urrell(D
III-D

,G
A

,C
A

)
talk

atA
P

S
-2000.
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5
Lithium

W
alls

and
tokam

ak
plasm

a
(cont.)

Lithium
covered

w
alls

affectthe
very

fundam
entals

oftokam
aks

pedestal

H
igh tem

perature
(elim

ination)
of therm

o-conduction

E
lim

ination of
T

royon lim
it

(second stability
regim

e) ->
 high beta

boundary

C
onducting w

alls
at the plasm

a

w
alls

A
bsorbing

fixed boundary M
H

D
feedback -
W

ith an additional

elim
ination of

saw
teeth   (N

T
M

)

conditions ->
 high beta

Intense lithium
stream

s
A

dditional
stabilization of R

W
M

  liquid )
( solid or

suppression ( D
III-D

 )
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5
YachtS

ailapproach
for

tokam
ak

fusion
reactors

(cont.)

Intense
LiS

tream
s

affectthe
very

fundam
entals

oftokam
ak

reactor
desing.

E
lectrodynam

ic
pressure

creates
a

stable
situation

for
the

firstw
all.

B
tor

F
irst w

all
Li stream

V
stream

Jpol

Jpol

J x B
F

orce
F

orce
J x B

J x B
F

orce

V
stream

Li stream

Li stream

axis of symmetry

Toroidal  Field Coil

Lithium
 jets betw

een T
F

 C
oils

Li inlet
pool

P
ressurized

H
e atm

osphere

VV

V
Li jets

Li jets

T
F

C
I

B
tor

D
2

F
orce balancing

ropes

F
orce balancing

ropes

P
lasm

a

®

G
uide

w
allw

orks
against

expansion

¶·
®

G
uide

w
all

can
be

m
ade

as
a

thin
shell(like

a
car

tire).

®
Toroidal

com
ponent

of
the

electro-
m

agnetic
force

can
be

balanced
by

the
setofexternalw

ire
ropes.

®
Inner

surface
is

sealed
by

the
lithium

stream
s

(insensitive
to

cracks) ¶·

®

V
acuum

barrier
can

be
m

oved
to

the
plasm

a
boundary

(giving
access

to
the

neutron
zone).
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5
YachtS

ailapproach
for

tokam
ak

fusion
reactors

(cont.)

Intense
lithium

stream
s

+
F

LiB
e

m
ake

an
excellentF

W
/blanket

com
bination

(S
.Z

inkle,B
.N

elson,O
R

N
L)

B
tor

V
stream

Jpol

Jpol
V

stream

axis of symmetry

Toroidal  Field Coil

Lithium
 jets betw

een T
F

 C
oils

H
e atm

osphere

T
F

C
I

B
tor

Li stream

Li stream

V
F

irst w
all

P
lasm

a

F
LiB

e channel

500 o
C

800 o
C

Lithium
stream

s
keep

the
w

all
tem

perature
below

m
elting

point
of

F
LiB

e

²¸¹ºº °
»¼¼¾½
¿»À¼ÂÁ
Ã ²Ä³ºÅÆ�ÇÈ[ É³ °
ÊÀ¼¾½

Independent
of

inner
tem

pera-
ture

in
the

chanell
F

LiB
e

has
a

solid
boundary

layer
at

the
w

alls.

E
ven

w
ith

²ÇÈ[ É³Ë ½ÌÅº
³Å ¶Í¼¼¾½
Î

en-
ergy

losses
on

the
side

w
alls

are °
ÊÏ

.

F
LiB

e

Ð@ÑÒ Ó
Ô \Ð@Õ
Ö Ó×Ô
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5
YachtS

ailapproach
for

tokam
ak

fusion
reactors

(cont.)

Itw
ould

be
notcrazy

to
think

aboutm
aking

the
vacuum

cham
ber

from
the

w
ire

m
esh



B
tor

V
stream

Jpol

Jpol
V

stream

axis of symmetry

Toroidal  Field Coil

Lithium
 jets betw

een T
F

 C
oils

H
e atm

osphere

T
F

C
I

B
tor

Li stream

Li stream

V
F

irst w
all

P
lasm

a

F
LiB

e channel

500 o
C

800 o
C

®

w
all

becom
es

insensitive
to

therm
al

deform
ations

¶·

pulsed
regim

e
is

acceptable
(no

high-tech
for

the
current

drive);

®

deform
ations

ofthe
w

allcan
be

corrected
on

the
fly

(Yachtsailapproach);

®

w
ire

w
all

presum
ably

can
w

ithstand
high

neutron
flux;

®

m
inim

um
activation

in
the

neutron
zone;

®
protection

of
feedback

plates
by

the
F

LiB
e

layer
w

ith
still

excellent
coupling

w
ith

the
plasm

a;
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5
YachtS

ailapproach
for

tokam
ak

fusion
reactors

(cont.)

S
tratified

geom
etry

ofthe
F

LiB
e

B
lanket/Lithium

stream
s

ØØØØØØØØØØØØØØØØØØØØØØØØØØØØØØ

ÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙÙ

s

n
F

LiB
e B

lanket F
low

 
F

lLiB
e

Inlet

Li-F
LiB

e iterface w
all

Li stream
W

orking
coordinates

P
lasm

a

Text
E

xternal w
all

S
olid F

LiB
e

boundary layers

D

Ú

Û

0.1

Ñ

Û

10

Ü

ÄÝ³Þ

0.5

ßÐJàÔ

áÞÄãâ

100-40

²Ý[ä³¸¹ºº
Î ½

200

T
he

radialthicknessÚ

of
the

channelis
assum

ed
to

be
m

uch
sm

aller
than

the
lengthÑ

of
the

channel.
P

lasm
a

side
w

alltem
perature

is
kept

constantby
a

fastLithium
flow

.

H
eatsourceß

corresponds
approxim

ately
to

10
M

W
/m ×

in
neutrons.
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5
YachtS

ailapproach
for

tokam
ak

fusion
reactors

(cont.)

T
he

w
alls

of
the

channelare
kept

below
the

m
elting

point
of

F
LiB

e,
so

tw
o

solid
saltlayers

are
form

ed
on

the
w

alls
ofthe

channel.
T

he
stationary

heatdiffusion
equation

µ'å
æ Üèç²ç

é ¶ê ²ìëë\\îí
ßï ²
ð ²Ä³ºÅï

¼ ¶ê ²ìëë\\ í
ßï ²
Ã ²Ä³ºÅ

Ð À ñò
Ô

together
w

ith
the

m
atching

conditions
determ

ines
the

tem
perature

dis-
tribution

in
the

flow
.

H
ere,µ

is
the

m
ass

density
of

F
LiB

e,åæ

is
the

heat
capacity,Ü

is
the

velocity
ofthe

flow
,ê

is
the

therm
o-conduction.

T
hickness

ofthe
solid

layer
is

determ
ined

as
an

eigenvalue
ofthe

prob-
lem

in
a

self-consistentw
ay.F

LiB
e

param
eters

µ

óôÄãâ

2240

å
æ

õóô÷öø'ù

2380

ê

áÄ öøúù

1

²Ä³ºÅ

Î ½

450
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5
YachtS

ailapproach
for

tokam
ak

fusion
reactors

(cont.)

P
rofiles

ofthe
(neutron)

heatsource
and

T
in

the
F

LiB
e

channel

S
 [W

/cm
^3] (N

eutron heat source)

n (transverse coordinate)
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O
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T
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e flow
 near the w
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n (transverse coordinate)

Inlet F
LiB

e tem
perature profile

O
utlet F

LiB
e tem

perature profile

coordinates-

F
LiB

e
therm

o-conduction
is

so
sm

allthat
the

tem
perature

inside
body

ofthe
flow

is
determ

ined
solely

by
the

heatsource
pow

er

µ'å
æ Üûç²ç

é °
ßï ²
ð ²Ä³ºÅï

Ð À ñ»Ô

notby
therm

o-conduction
losses.
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5
YachtS

ailapproach
for

tokam
ak

fusion
reactors

(cont.)

Tw
o

boundary
layers

of
the

order
of

1-3
m

m
are

form
ed

near
w

alls
of

the
channel.

Inside,each
ofthem

contains
a

sublayer
ofa

solid
F

LiB
e.

In
the

exam
ple

the
averaged

energy
losses

are¼ ñ»ü ý
þ´ Û ×through

the
plasm

a
side

w
alland¼ ñò

ü ý
þ´ Û ×

through
the

ToroidalF
ield

C
oil(T

F
C

)
side

of
the

w
all,

w
hich

constitute
approxim

ately
4

%
of

the
incom

ing
neutron

flux
energy.

F
LiB

e
seem

s
to

be
a

perfectcoolantfor
the

tokam
ak-reactor
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5
YachtS

ailapproach
for

tokam
ak

fusion
reactors

(cont.)

YachtS
ailapproach

for
the

fusion
reactor:

in the neutron zone
activated structures
m

inim
al am

m
ount of

low
 pressure and

the reactor coolant

insensitivity to
therm

al deform
ations

high tem
perature of

is acceptable
Inductive current drive

(behind the F
LiB

e layer)

stabilizing coils

best envirionem
ent for 

feedback R
W

M

A
dditional

by lithium
 stream

s
stabilization of R

W
M

D
ynam

ically

w
all

vacuum
 cham

ber
balanced thin

stream
s

facing
plasm

a
Intense Li

F
LiB

e B
lanket

Liquid
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6
S

um
m

ary

From
the

very
first

presentation
to

P
P

P
L

(P
S

&
T

sem
inar,

Jan.
08,

1999),
the

idea
of

a
tokam

ak
w

ith
lithium

covered
w

alls
w

as
presented

as
a

consistenttokam
ak-rector

concept.

F
orthe

firsttim
e,the

renew
able

and
absorbing

plasm
a

facing
w

alls
w

ere
introduced

into
the

tokam
ak

research.

From
the

plasm
a

physics
side,lithium

w
alls

m
ay

provide

®

a
low

recycling
regim

e
(bestpossible

for
energy

confinem
ent);

®

low
-Z

plasm
a

facing
surface

(w
ith

a
centralplasm

a
fueling

and
sur-

face
im

purities
source);

®

rector
relevantpow

er
extraction

capabilities
from

the
plasm

a

®

w
allconditions,

w
hich

are
not

sensitive
to

the
edge

plasm
a

tem
per-

ature
as

soon
as

itexceeds
a

certain
level(about1

keV
).

®

slow
ing

dow
n

free-boundary
M

H
D

instabilities,

®

etc,
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6
S

um
m

ary
(cont.)

Li
W

alls,
for

the
first

tim
e,

introduce
the

“Yacht
S

ail”
approach

for
the

fusion
reactor

design,w
hich

m
ay

provide

®

insensitivity
of

the
structure

to
therm

al/electro-m
agnetic

perturba-
tion;

®

bestenvironm
entfor

both
internaland

externalplasm
a

stability
con-

trol;

®

elim
ination

of(unrealistic)
requirem

entfor
the

stationary
regim

e;

®

efficientpow
er

extraction
from

the
neutron

zone
w

ith
a

high
tem

per-
ature

(F
LiB

e)
coolant;

®

m
inim

izing
the

contentofactivated
structuralelem

ents;

®

sim
plification

ofthe
entire

reactor
controland

m
aintainence

schem
e

®

...
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7
D

oes
the

tokam
ak

fusion
have

a
path

?

G
o

to
netscape
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7
D

oes
the

tokam
ak

fusion
have

a
path

?
(cont.)

Inside
the

fusion,
w

e,
fusion

physicists,
should,

first,
realize

the
deep

m
eaning

ofw
hatS

ean
C

onnery
said

aboutthe
tokam

ak
fusion

"Itis
im

possible
(in

the
conventionalw

ay,LZ
)",

"...butdoable
(ifw

e
follow

the
w

ay
ofphysics,LZ

)"

(S
.C

onnery,T
W

E
N

T
IE

T
H

C
E

N
T

U
R

Y
F

O
X

and
R

E
G

E
N

C
Y

E
N

T
E

R
P

R
IS

E
S

film
“E

ntrapm
ent",

1999)

You,our
physics

colleagues
outside

fusion,should
alw

ays
rem

ind
us

to
be

on
the

righttrack
in

the
greatendeavorto

m
ake

the
tokam

ak
w

orking
in

our
life

tim
e

lim
itas

a
com

m
ercialpow

er
reactor.
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7
D

oes
the

tokam
ak

fusion
have

a
path

?
(cont.)

S
olid Li

Liquid Li

N
ew

 plasm
a regim

e:
suppressed turbulence,

resistive w
all at the

plasm
a boundary, ...

T
echnology opportunities:

for P
lasm

a F
acing C

om
p.,

liquid (F
LiB

e) blankets, ...

pow
er extraction,

second stability,
N

ew
 schem

es for
the tokam

ak

reduced activation,

reactor:

P
lasm

a science part

Integrated approach to fusion reactor

sm
aller size and B

tor,
reduced reliance on

... high-tech plasm
a control

shaping and
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